As the second step to clarify the synergistic extraction mechanism of gallium with the mixed extractant of 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (EHPNA) and 5-chloro-8-hydroxyquinoline, the initial extraction rate of gallium with EHPNA alone was measured using a stirred transfer cell.
Introduction
It is possible to recover gallium (III) from zinc refinery residues by solvent extraction using carboxylic acids or acidic organophosphorus compounds (Mihaylov and Distin, 1992) . We have studied the equilibrium of solvent extraction of gallium and indium with various acidic organophosphorus compounds (Kondo and Matsumoto, 1996; Kondo et al., 1996) and its application to liquid membrane processing (Kondo et al., 1997a; Kondo and Matsumoto, 1998) . In the above studies we found a large synergism in the extraction of gallium with 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (henceforth EHPNA, HR) in the presence of 5-chloro-8-hydroxyquinoline (HA) (Kondo et al., 1996) . From the equilibrium study, this synergistic effect was found to be caused by forming a mixed complex GaR 2 A. As the next step, we will make the kinetics of this synergistic extraction system clear. We have clarified the extraction kinetics of gallium with HA (Kondo et al., 2004) . In this work, we examine the extraction kinetics of gallium with a main extractant, EHPNA, diluted in toluene.
A large number of investigations have been carried out on the extraction kinetics of acidic organophosphorus compounds. Miyake et al. (1990) and Received on August 6, 2004 . Correspondence concerning this article should be addressed to K. Kondo (E-mail address: kkondo@mail.doshisha.ac.jp). Matsuyama et al. (1990) conducted comprehensive studies on the extraction rates of metals with acidic organophosphorus compounds. It is generally recognized in the extraction of many metal ions, whose ligand exchange rates are rapid, >10 6 m 3 mol -1 s -1 , with acidic organophosphorus compounds that the extraction rate is usually rapid. Therefore, the extraction rate was controlled by the diffusion processes in the stagnant layers (Miyake et al., 1990; Kondo et al., 1995 Kondo et al., , 1997a . On the other hand, the extraction rate of the metals like iron (III), which has a very low ligand exchange rate of 0.13 m 3 mol -1 s -1 , was controlled by the complex formation reaction (Matsuyama et al., 1990) . Takahashi et al. (1989) measured the extraction rate of gallium (III) with EHPNA in n-heptane. They proposed an interfacial reaction mechanism between gallium (III) and the adsorbed ionic form of the extractant. Because gallium (III) is one of the metals that have a low ligand exchange rate, 1 m 3 mol -1 s -1 , the extraction rate process may be influenced by both the diffusion and the complex formation processes.
In the present paper, we measure the extraction rate of gallium (III) with EHPNA in toluene using a stirred transfer cell. The results obtained are analyzed by Matsuyama's model (Matsuyama et al., 1990; Miyake et al., 1990) taking account of the chemical reaction based on the Eigen mechanism and the diffusion process. Validity of their model is examined under the experimental conditions where the rate process is influenced by both the diffusion and the complex formation.
Experimental

Physicochemical properties
EHPNA supplied from Daihachi Chemical Industry Co., Ltd. was used as received without further purification. The organic solutions were prepared by dissolving the extractant in toluene.
The dimerization constant was obtained at 313 K by the measurement of an apparent molecular weight with a vapor-phase osmometer (Corona type 114), using benzil as a standard material.
The interfacial tension was measured by the pendant drop method. The pH of the aqueous solution was adjusted at 2 using a 50 mol/m 3 sulfuric acid-sodium sulfate solution.
Extraction rate of gallium (III) with EHPNA
The aqueous solutions were prepared by dissolving gallium chloride in an appropriate water. The pH of the aqueous solution was adjusted using a 50 mol/m 3 sulfuric acid-sodium sulfate solution. The stirred transfer cell was used to measure the rate of gallium extraction by EHPNA at 303 K. This cell was used to elucidate the extraction mechanism of metals due to the definite interfacial area (Kondo et al., 1995 (Kondo et al., , 1997b Kondo and Matsumoto, 1996) . The cell consisted of two compartments with equal volumes (about 130 cm 3 ), an upper compartment for the organic solution and a lower one for the aqueous solution. The interfacial area between both solutions was 7.85 × 10 -4 m 2 . The solutions in the cell were stirred in opposite directions by two flat-blade stirrers at 100 rpm in order not to disturb the interface. One milliliter of the organic solution was withdrawn at a designed time interval and stripped by a 2 kmol/m 3 HCl solution. Gallium concentration in the resultant aqueous solution was determined by ICP-AES (ICPS-8000, Shimadzu Co.). Experimental conditions were as follows; pH = 1.1-2.8, C Ga,aq,0 = 4-20 mol/m 3 , C HR,org,0 = 10-500 mol/ m 3 . Under this experimental condition, the fraction of sulfate complex of gallium ions in the aqueous solution was negligibly small.
Results and Discussion
Dimerization constant of EHPNA
Acidic organophosphorus extractants are known to dimerize in non-polar solvents. The degree of aggregation of EHPNA in the organic solvent was obtained by the measurement of vapor-phase osmometry at 313 K. If we assume that only dimer and monomer species exist in the organic phase, the dimerization constant, K d , can be calculated (Nakashio et al., 1982) .
1 --* * where C HR,0 denotes the analytical concentration of EHPNA based on the monomer, and C * is the total concentration of monomers and dimers in the diluent which is obtained experimentally. Table 1 lists the dimerization constants thus obtained. As described above, the extraction rates were measured at 303 K. Because the vapor pressure is too low to obtain reliable data at this temperature, we estimated the values at 303 K using the binding energy of a hydrogen bond, -20 kJ/mol. The estimated values are also listed in Table 1 . From these results, it was found that the EHPNA exists mainly as a dimmer in the organic solvent.
Interfacial tension
In many researches concerning the extraction kinetics of metals with hydrophobic extractants, it is suggested that the interfacial reaction is a predominant process. Therefore, we examined the adsorption characteristics of EHPNA.
The relation between the interfacial tension and C HR,0 is shown in Figure 1 .
Though EHPNA exists as a dimer in the diluent, the monomer, HR, and its dissociated form, R -, are (Sato et al., 1989; Miyake et al., 1990) . In deriving Eq. (2), the Langmuir adsorption constant of dissociated EHPNA is assumed to be equal to that of the EHPNA monomer, K HR * . The solid curve in Figure 1 is calculated one from Eq. (2). The values of parameters, K HR * , and saturated interfacial excess quantity, Γ ∞ , obtained are listed in Table 2 . Figure 2 shows the typical relation between the extent of gallium extracted, E, and time using the stirred transfer cell. The initial extraction rate, R 0 , was calculated from the following equation. Figure 3 shows the relation between the logarithm of R 0 and pH. In the range of low pH, the slope of this relation is 1.0, but in the high pH range, the slope approaches zero. Figure 4 shows the relation between R 0 and the initial concentration of gallium, C Ga,aq,0 , on a log scale. R 0 is proportional to C Ga,aq,0 . Figure 5 shows the relation between R 0 and the initial concentration of EHPNA, C HR,org,0 , on a log scale. In the range of low C HR,org,0 , the slopes of this relation are 1.0, but in high C HR,org,0 , the slopes approach zero. These dependencies are similar to those obtained by Takahashi et al. (1989) , except that they did not carried out the experiments in the range of high C HR,org,0 . Figure 6 shows the effect of stirring speed on R 0 . The initial extraction rates are independent of the stirring speed above 80 rpm. Figure 7 shows the Arrhenius plot of the initial extraction rates. From each slope, the values of the apparent activation energy are calculated as 88.5 kJ/mol from the low temperature range at pH 1.60 and as 31.7 kJ/mol from the whole temperature range at pH 2.40. The latter value is close to that Fig. 2 Relation between the extent of gallium extracted and time. Experimental condition: C Ga,aq,0 = 4 mol/m 3 , C HR,org,0 = 500 mol/m 3 , stirring speed 100 rpm, temperature 303 K Fig. 3 The effect of pH on the initial extraction rate of gallium with EHPNA obtained from the high temperature range at pH 1.60 shown as a dotted line in Figure 7 . Considering that the activation energy of mass transfer has generally the values under 20 kJ/mol, these facts suggest that the rate is limited by the chemical reaction in the range of low pH and that in the high pH range, the effect of the diffusion on the overall extraction rate can not be disregarded.
Extraction mechanism
In our previous studies (Kondo et al., 1995 (Kondo et al., , 1997b , we reported that the extraction rates of rare earth metals with diisostearylphosphoric acid (DISPA) were limited by the diffusion processes, but in this system the reaction resistance contributes to the overall rate process. This is confirmed from the fact that the ligand exchange rate constant of Ga(III) in the aqueous solution (k f = 1 m 3 ·mol -1 ·s -1 ) is very low compared with those of rare earth metals (k f = 10 5 -10 6 ) (Funahashi, 1974) . Matsuyama et al. (1990) proposed a kinetic model for the extraction of Fe(III), which has a very low k f value (=0.13), with D2EHPA. They concluded that the extraction rates were limited by the reaction between Fe(OH) 2+ and the adsorbed extractant according to the Eigen mechanism. In the present case, their reaction model is expressed as Figure 8 . Fig. 4 The effect of the gallium concentration on the initial extraction rate of gallium with EHPNA Fig. 5 The effect of the EHPNA concentration on the initial extraction rate of gallium with EHPNA Fig. 6 The effect of the stirring speed on the initial extraction rate of gallium with EHPNA Fig. 7 The effect of temperature on the initial extraction rate of gallium with EHPNA Fig. 8 A formation scheme of a gallium-EHPNA complex. "ad" and "i" denote the adsorption state and adjacent to the interface, respectively
Considering that the rate-determining step is the formation of 1:1 complex, GaR 2+ , the rate of complex formation is expressed as In the present case, it is not necessary to take account of the diffusion effects of the extractant and hydrogen ions on the extraction rates because the extractant is present in a large excess compared with gallium ion and the buffer solution is used. Therefore, the overall extraction rate process consists of the following three processes; 1) the mass transfer of gallium ions from the bulk to the interface, 2) an interfacial reaction between the adsorbed EHPNA and gallium ion and 3) the mass transfer of the gallium complexes from the interface to the bulk. An equivalent circuit for the extraction process is shown in Figure 9 .
The rate of each process is expressed as follows; In Figure 9 , as each resistance is in series, the overall extraction rate, R, is expressed by the following equation.
In the above equations, K OH is the hydrolysis constant of gallium (III) and is available from the literature (Shono et al., 1992) . The mass transfer coefficient of gallium complexes in the organic film was estimated from that of 5-chloro-8-hydroxyquinoline measured in the same apparatus, by employing the relation that the diffusivity is proportional to (molar volume) 0.6 . The mass transfer coefficient of gallium in the aqueous film was estimated from the experiment conducted under the condition of the diffusion control in the aqueous film. Accordingly, unknown parameters are the rate constants, k 1 and k 2 . All experimental data are analyzed by using Eqs. (7)-(10) to find the rate constants. The parameters obtained are listed in Table 2 , along with the constants used in the calculation. The solid lines in Figures 3-5 are the calculated ones. The good agreement between the experimental data and the calculated lines was obtained. It is found that Matsuyama's model can apply to this extraction system whose rates are influenced by both the diffusion and chemical reactions.
Conclusion
The initial extraction rate of gallium with EHPNA alone was measured using a stirred transfer cell.
First, the aggregation state of EHPNA in the organic solvent and the adsorption characteristics at the interface between the aqueous and the organic phases were examined. EHPNA was found to exist mainly as dimers in the organic solvent and to adsorb the interface. By considering that EHPNA molecules are surface-active and its solubility into the aqueous solution is very low, the interface is thought to be a site for metal-complex formation. The extraction mechanism consisted of three processes that are the mass transfer of gallium ions to the interface, the extraction reaction at the interface, and the mass transfer of galliumcomplexes to the bulk organic phase was analyzed by using Matsuyama's model. The close agreement between the experimental data and calculated results obtained. 
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